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The conducting gas that forms at the interface between LaAlO3 and SrTiO3 has proven to be
a fertile playground for a wide variety of physical phenomena. The bulk of previous research has
focused on the (001) and (110) crystal orientations. Here we report detailed measurements of the
low-temperature electrical properties of (111) LAO/STO interface samples. We find that the low-
temperature electrical transport properties are highly anisotropic, in that they differ significantly
along two mutually orthogonal crystal orientations at the interface. While anisotropy in the resis-
tivity has been reported in some (001) samples and in (110) samples, the anisotropy in the (111)
samples reported here is much stronger, and also manifests itself in the Hall coefficient as well as the
capacitance. In addition, the anisotropy is not present at room temperature and at liquid nitrogen
temperatures, but only at liquid helium temperatures and below. The anisotropy is accentuated by
exposure to ultraviolet light, which disproportionately affects transport along one surface crystal
direction. Furthermore, analysis of the low-temperature Hall coefficient and the capacitance as a
function of back gate voltage indicates that in addition to electrons, holes contribute to the electrical
transport.
I. INTRODUCTION
The two-dimensional electron gas that forms at the
interface of the band insulators LaAlO3 (LAO) and
SrTiO3 (STO)
1,2 has attracted a great deal of atten-
tion due to the rich landscape of competing phys-
ical phenomena that have been observed, including
superconductivity3,4, magnetism5–8, tunable spin-orbit
interaction9, gate-tunable superconductor-to-insulator
transistions10,11, and the coexistence of ferromagnetism
and superconductivity12–14.
Most studies so far have been on (001) ori-
ented LAO/STO, focusing both on the origins of the
2DEG15–20 as well as the aforementioned phenomena.
However, (110) and (111) LAO/STO interfaces, which
have different symmetries and consequently band struc-
ture, are just beginning to be explored,9,21,22 but detailed
studies of (110) and (111) LAO/STO interfaces as a func-
tion of gate voltage have not been reported. There are
significant differences between the (001), (110) and (111)
oriented LAO/STO interfaces that raise the possibility
of interesting new behavior. Specifically, the symmetries
of the band structure at each interface are different. In
particular, the orbitals at the (111) interface have hexag-
onal symmetry (see Fig. 1(a)),23,24, with corresponding
potentially novel properties.25 Thus it is of interest to
study the properties of the (111) LAO/STO interface in
detail.
From the point of view of crystal structure and sam-
ple morphology, it is not clear whether the properties of
LAO/STO structures of any crystal orientation should be
isotropic or anisotropic, as there are strong arguments
for both. For (111) LAO/STO interfaces, for example,
there is a much larger overlap of the Ti orbitals along
the [1¯1¯2] direction than along the [11¯0] direction (see Fig.
1(a)).23,24 Consequently, it might be natural to expect
anisotropy in the transport properties between the two
directions, such as in the electrical conductance or per-
haps even the Hall coefficient, if multiple carrier bands
are involved. However, for crystals with cubic symmetry,
such as bulk STO at room temperature, the conductivity
should be isotropic.26 On the other hand, bulk STO has a
structural transition to a tetragonal phase at ∼105 K;28
in thin films, or in heterostructures with other materials
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2(e.g., LAO), the transition at this temperature may be
to a crystal structure with lower symmetry. When the
symmetry of the crystal structure is lowered, anisotropy
in the properties is not surprising. Finally, for highly dis-
ordered samples, as is the case for most of the LAO/STO
samples studied so far, any anisotropy might be expected
to be averaged out due to scattering between electronic
bands.
Anisotropic transport behavior has been reported in
(110) LAO/STO heterostructures,9 but not so far in
(111) interface devices. We report here reproducible
anisotropic behavior in the resistance and the Hall co-
efficient of (111) LAO/STO interface samples that only
manifests itself at low temperatures (∼4 K and below),
suggesting that it is not associated with the structural
transition that occurs at ∼105 K. In addition, we ob-
serve anisotropy in the capacitance, a quantity related to
the density of states, and hence by definition a quantity
that should be isotropic. The anisotropy in the proper-
ties (electrical conductance, Hall coefficient, capacitance)
is particularly pronounced below a certain threshold in
the back gate voltage Vg applied to the substrate. This
suggests different band edges along the two directions
at low temperatures, in contrast to the result from band
structure calculations and and ARPES measurements ap-
plicable at higher temperatures.
II. SAMPLE FABRICATION AND
MEASUREMENT
The 20 monolayer (ML) (111) LAO/STO interface
samples used in this study were prepared by pulsed laser
deposition using a KrF laser (λ = 248 nm). A LAO sin-
gle crystal target was used for deposition. During the
deposition, the laser repetition was kept at 1 Hz, laser
fluence at 1.8 J/cm2, growth temperature at 650 C, and
oxygen pressure at 1 mTorr. The deposition was moni-
tored by in-situ reflection high energy electron diffraction
(RHEED). For the transport measurements, Hall bars
were patterned using photolithography that defined an
etch mask used for subsequent argon ion milling. The
argon ion milling etched the unprotected areas to the
bare STO, leaving the LAO on top of the Hall bars. A
subsequent photolithography step deposited a Au film
on the electrical contacts to enable visual location of the
contacts for wire-bonding. Au was also deposited on the
bare etched STO, which enabled us to measure the geo-
metric capacitance as described below, and also to con-
firm that the bare STO itself did not become conducting
after the ion milling step. Six different sample chips were
measured and showed similar behavior; here we focus on
measurements on one 5x5 mm2 chip on which four Hall
bars were fabricated, as shown in Fig. 1(b). The sub-
strates were cut so that one edge was along the [11¯0] crys-
tal direction, and the mutually orthogonal edge was along
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FIG. 1. (a) Schematic representation of the Ti dxy, dyz and
dxz orbitals in a cubic crystal viewed along the [111] direc-
tion. (b) Schematic representation of the surface of the (111)
LAO/STO sample chip, showing the four Hall bars. The elec-
trical connections for longitudinal and Hall resistance mea-
surements used for the two Hall bars that are discussed in
detail in the text are as marked. Also shown are the crystal
directions determined from x-ray measurements.
the [1¯1¯2] crystal direction; thus for two of the Hall bars
the measurement currents were along the [11¯0] direction,
while for the other the measurement currents were along
the [1¯1¯2] direction. X-ray measurements were used to de-
termine the actual crystal orientation, which is marked in
Fig. 1(b). While all four Hall bars were measured, Hall
bars oriented along the same crystal direction had essen-
tially identical measured properties. Consequently, we
show here data for only the two Hall bars whose electrical
contacts are marked in Fig. 1(b). Figure 2(a) shows an
AFM image of the surface of the LAO/STO heterostruc-
ture. The Hall bars were fabricated so that the current
direction was oriented at 45◦±0.5◦ to the atomic terraces
shown in Fig 2(a).
The samples were measured in three different
cryostats: a home-built liquid helium cryogenic insert,
a Kelvinox MX100 dilution refrigerator, and a Kelvi-
nox 300 dilution refrigerator, although apart from the
data in Fig. 2(b), the results reported here are only at
liquid helium temperatures. All measurement rigs were
equipped with superconducting solenoids that permitted
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FIG. 2. (a) 6µm X 6µm AFM topography scan of the
LAO/STO sample surface. The x axis corresponds to the
[11¯0] direction and the y axis to the [1¯1¯2] direction. (b) Low
temperature resistance vs. temperature sweeps for the two
crystal directions.
measurement of the Hall effect. To measure the electri-
cal transport properties of the Hall bars, an ac current
of amplitude ∼20 nA was introduced using a home-built
low-noise current source with output impedance > 1012
Ω, and the resulting longitudinal or transverse voltage
was detected with a lock-in amplifier after being ampli-
fied by a factor of 10 or 100 by a home-built low noise
voltage preamplifier. Due to the very high resistances of
the devices, particularly at low temperatures and nega-
tive Vg, the ac excitation frequency was kept in the range
of 1-2 Hz. The samples were mounted using silver paste
on an electrically isolated OFHC copper puck to which a
voltage could be applied to gate the interface. It should
be noted that all of the chips show the same qualitative
behavior, and measurement of samples on different chips
were quantitatively within 10% of each other.
In addition to the longitudinal and Hall resistances, we
also measured the Vg dependence of the capacitance C
between the back gate and each individual Hall bar. In
order to measure C, we used a technique similar to one
that has been previously used by other groups to mea-
sure the capacitance of GaAs/AlGaAs two-dimensional
electron gases27,29–31. A 100 mV ac voltage was super-
posed on the dc back-gate voltage Vg (see Fig. 5(a)) by
summing a dc voltage and an ac voltage from the oscil-
lator of an EG&G digital lock-in amplifier with a home-
made summing amplifier, the output of which was used
to drive a Kepco 100/1 power supply/amplifier. The out-
put of the Kepco was then applied to the back-gate. For
the other electrode, one contact of the Hall bar was con-
nected to the input of a home-made current preamplifier
whose output was fed to the input of the lock-in ampli-
fier. It was important to ensure that all other contacts
of the Hall bar as well as all other Hall bars on the same
chip remained open, so that the only current that could
flow was to the current preamplifier. Signals that were in
phase and in quadrature with the ac voltage applied to
the back gate were then monitored as a function of Vg.
The Kepco has a reasonably flat frequency response up
until approximately 2.5 kHz; for the greatest sensitivity,
we desired to operate at the highest frequency possible,
hence the capacitance data for this work was taken at a
frequency of 2.3 kHz.
We tested this measurement configuration on standard
capacitors attached to our cryogenic inserts with values
close to the measured capacitances of our sample, and the
measured values agree within less than 1 % with their val-
ues measured on the bench with commercial capacitance
bridges. In addition to ensuring that our measurement
setup was accurate, this also indicated that the capac-
itance of the wires going down the cryogenic inserts do
not significantly alter the measured capacitance. The de-
tailed analysis in Appendix B shows that the component
of the ac current in quadrature to the applied ac voltage
is a direct measure of C, and that the measured capaci-
tance is not significantly affected by the resistance of the
Hall bar.
III. EXPERIMENTAL RESULTS
A. Longitudinal resistance
We start by discussing the gate dependence of the lon-
gitudinal resistance. Figure 3(a) shows the longitudinal
sheet resistance R of the two Hall bars shown in Fig.
1(b) at 4.4 K as a function of Vg. The first thing to note is
that, similar to the (001) samples, R vs. Vg is strongly
hysteretic: the resistance on sweeping up in Vg is higher
than the resistance on sweeping down in Vg; up-sweeps
reproduced up-sweeps and down-sweeps reproduce down-
sweeps if the sweep range and sweep rate remain the
same. We find similar behavior in any measurement that
involves sweeping the back gate voltage, in particular, the
capacitance measurements discussed later. In addition,
we find that if the gate voltage sweep is stopped at a par-
ticular value of Vg, R relaxes to a value corresponding
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FIG. 3. (a) Longitudinal sheet resistance R of the [11¯0] and
[1¯1¯2] direction Hall bars as a function of the back gate voltage
Vg. The sweep direction is marked by arrows. The green and
blue curves show the average of the up and down sweeps for
the two samples. (b) Logarithmic plot of R vs Vg at two
different sweep rates for the [11¯0] sample. The black/(blue)
curve corresponds to a 16/(24) hour long sweep of the back
gate with its averaged curve in green/(red). Data taken at
4.4 K.
to the average of the up- and down-sweep traces at that
value of Vg for that specific sweep rate. At millikelvin
temperatures, this relaxation can take place over hours
or even days, particularly at large negative Vg. We spec-
ulate that this glassy behavior is due to states that relax
slowly to lower energy configurations over very long time
scales. This is rather surprising, as one might expect
such processes to be frozen out at millikelvin tempera-
tures. We plan to return to this interesting issue later.
For the present study, we take advantage of our experi-
mental observation that as the sweep rate is slowed, the
hysteresis loops narrow, but the average of the up- and
down-sweeps remain the same. This is shown in Fig.3(b),
which shows two different RH vs. Vg hysteresis loops
taken over 16 hours and 24 hours, and the respective av-
erages over the up and down sweeps, which are essentially
identical. Thus, the averaged curves are measures of the
long-term behavior of the devices. Similar behavior is
observed for the gate dependent capacitance measure-
ments. Consequently, in what follows, we shall present
averaged curves for the Vg dependence of the longitudinal
resistance (as shown in Fig. 3(a)) and the capacitance.
The Hall data are taken at specific values of Vg after the
sample has relaxed, so such averaging is not required.
Returning now to the longitudinal resistance as a func-
tion of Vg shown in Fig 3(a), the most striking aspect of
the data is that the resistance is highly anisotropic: while
the resistances of both Hall bars are roughly the same at
large positive Vg, they start to diverge at small positive
Vg, and differ by more than a factor of 6 at Vg = −60
V. This difference is even larger at millikelvin tempera-
tures, with the resistance in the [1¯1¯2] direction changing
little, while the resistance in the [11¯0] direction increas-
ing substantially with decreasing temperature, as seen in
Fig 2(b). A longitudinal resistance that depends on crys-
talline direction has been seen earlier in both (001) and
(110) LAO/STO interface samples. Brinks et al. found a
strong directional dependence of the resistivity on (001)
LAO/STO interfaces grown on LSAT that was associ-
ated with step edges in the underlying LSAT substrate32
the resistance measured along the step edges was signif-
icantly larger than the resistance measured perpendicu-
lar to the step edges. The difference was largest at low
temperatures, but still appreciable at room temperature.
Frenkel et al. observed a weak anisotropy33 associated
with the channeling of currents along microstructural
channels that changed on warming above the cubic to
orthorhombic transition that occurs in STO at ∼ 105 K.
Gopinadhan et al. observed a weak anisotropy in the
mobility of (110) samples at low temperatures9. In con-
trast to these previous observations, the anisotropy in the
electrical characteristics of our (111) samples does not ex-
ist at room temperature or liquid nitrogen temperatures,
and is reproducible even after repeated warming to room
temperature.
B. Hall coefficient
Further evidence of anisotropic behavior can be found
in the Hall coefficient RH , which we determine by mea-
suring the Hall resistance in a magnetic field H applied
perpendicular to the plane of the sample as a function of
Vg. In the range µ0H ∼ ±400 mT, the measured Hall
resistance is linear. We define the Hall coefficient RH as
the slope of the Hall resistance vs. H.
The solid symbols in Fig. 4 show RH as a function of
Vg for both Hall bars. The magnitude and overall trend
of RH is the same for both crystal orientations, but the
detailed dependence on Vg is different: while |RH | for
the [1¯1¯2] direction saturates at large positive Vg and de-
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FIG. 4. Symbols, measured Hall coefficient RH of Vg for the
two crystal orientations; solid lines are fits to the two-band
model described in the text. All measurements were per-
formed at 4.4 K.
creases rapidly at negative Vg, |RH | for the [11¯0] direction
shows a roughly linear dependence, with a reproducible
jump in |RH | between Vg = 20 V and Vg = 30 V. The
overall trend is similar to what was observed by Dikin et
al. in (001) interface samples, but is in contrast with the
work done on (001) by Joshua et al.17,18, who found that
RH increases both at high positive Vg as well as large
negative Vg.
For a single band of charge carriers, RH = 1/nq, where
n is the areal density of the carriers, and the sign of RH
is indicative of the sign of the carrier charge. The sign of
RH in our samples at all Vg is electron-like, but the de-
pendence of RH on Vg is not as expected for a single band
of electrons. As Vg is increased, one expects that more
electrons would be drawn to the interface, so that the
electron density ne would increase. The increase in ne
should lead to a decrease in the longitudinal resistance,
as we observe, but it should also lead to a decrease in
|RH | ∼ 1/ne with increasing Vg. Instead, an increase in
|RH | with Vg is observed for both Hall bars. We note
that in earlier experiments on (001) LAO/STO samples,
similar anomalous (and in some cases nonmonotonic) de-
pendences of RH on Vg
17,18 was ascribed to multiple elec-
tron bands with different mobilities. Although we agree
that the presence of multiple bands is required to explain
the anomalous dependence, we cannot see how one can
fit the Vg dependence shown in Fig. 4 with only elec-
tron bands, without making the unphysical assumption
that the occupation of at least one of the electron bands
decreases with increasing Vg. In addition, as discussed
below, RH almost vanishes at large Vg after ultraviolet
irradiation, suggesting a compensated system. Thus we
are lead to the conclusion that in addition to any elec-
tron bands, at least one hole band must contribute to the
electrical transport properties of our samples.
To model the qualitative Vg dependence of RH , we
fit the data to the simplest two-band model with one
electron band and one hole band:
RH =
Reσ
2
e +Rhσ
2
h
(σe + σh)2
, (1)
where R(e,h) = ∓1/(n(e,h)e) are the Hall coefficients and
σ(e,h) = n(e,h)eµ(e,h) are the conductivities of the elec-
trons and holes respectively. Here n(e,h) and µ(e,h) are
the corresponding areal densities and mobilities. To an-
alyze the gate dependence of the Hall coefficients shown
in Fig. 4 and 6 we assume that the electron and hole
densities ne and nh have a linear dependence on Vg. We
also make the simplifying assumption that the mobilities
of the electrons and holes µe and µh are independent of
Vg. Thus, there are nominally 6 parameters that can be
varied to obtain a fit of RH as a function of Vg: the val-
ues of ne and nh at Vg = 0, the assumed linear slopes
dne/dVg and dnh/dVg, and the mobilities µe and µh. We
use the measured value of the 2D conductivity σ = 1/R
as a function of Vg to reduce the number of parameters
by one, since σe + σh = σ, using as a 5th fitting pa-
rameter the ratio of mobilities µr = µe/µh, subject to
the constraint that ne(Vg)eµe +nh(Vg)eµh = σ(Vg). The
parameters obtained from the fits are given in Table I.
In general, the ratio ne/nh is about 50 for the [11¯0]
direction, but ∼ 103 for the [1¯1¯2] direction, suggesting
that electrons contribute more to the transport in the
[11¯2] direction. As noted above, we are unable to fit the
Vg dependence of RH with the analogous equation for
two electron bands for any sensible range of parameters,
so we conclude that both electron and holes must con-
tribute to the electrical transport. If one considers RH a
direct measure of charge density n, RH ∼ 1/n, then the
anisotropy in RH is unexpected. However, in the multi-
band picture, RH is a function of the densities of carriers
in different bands as well as their mobilities. Since the
measured resistivities (and hence mobilities) along the
[11¯0] and [1¯1¯2] are clearly different for Vg . 20 V, it is
perhaps not surprising that RH for the Hall bars along
two different axes also differs significantly below this gate
voltage. The anomalous gate voltage dependence of RH
that we observe in these (111) samples, as well as the
anomalous dependence observed by many groups in the
(001) and (110) LAO/STO interface devices, suggests
that using RH to estimate the carrier density n based
on a single band model using the equation RH = 1/nq
may not give a correct estimate for n.
C. Capacitance Measurements
For a low-density two-dimensional carrier gas, C is
the series combination of the conventional geometric
capacitance Cg and the so-called quantum capacitance
6TABLE I. Pre-UV irradiation Hall fit parameters
ne (Vg = 0) (/cm
2) nh (Vg = 0) (/cm
2) µe (cm
2/V-s) µh (cm
2/V-s) dne/dVg (/cm
2-V) dnh/dVg (/cm
2-V)
[1¯1¯2] 1.0 × 1013 1.6× 1010 191 3127 6.3 × 1010 −2.3 × 106
[11¯0] 6 × 1013 1.6× 1012 87 209 1.9 × 1011 −3.7× 1010
CQ = e
2S(dn/dE),30,31 which is associated with the
change in chemical potential resulting from the induced
charge. Here S is the area of the capacitor and dn/dE
the density of states. In our devices, Cg can be deter-
mined by measuring the capacitance between the back
gate and a large metallic electrode deposited directly on
the etched STO substrate of the same chip. Figure 5(b)
shows Cg measured as a function of Vg measured at 4.4
K. Normalized to the area, Cg is large, which agrees with
the fact that the dielectric constant of STO is large at low
temperatures31. More importantly, it varies by less than
2 parts in 105 over the full range of Vg, so that any vari-
ation of C with Vg is related to the quantum capacitance
CQ, and hence dn/dE.
Figure 5(c) shows C for the two Hall bars as a func-
tion of Vg. Due to the different effective areas of the Hall
bars, comparison of the magnitude of C between two dif-
ferent Hall bars is not meaningful (see Appendix B), so
here we concentrate on the Vg dependence of C. Overall,
the trend for both crystalline directions is that C (and
by extension dn/dE) is larger at positive Vg in compari-
son to negative Vg, in agreement with the corresponding
measurements of R, which decreases with increasing Vg
(Fig. 3)(a)). For Vg ≥ 20 V, the gate dependence of C in
both directions is nearly identical, as can be seen in the
figure, where the data have been scaled so that they align
in this gate range. For Vg ≤ 20 V, however, C for the
[11¯0] Hall bar shows a sharp drop in comparison to C for
the [1¯1¯2] Hall bar. C for both Hall bars appears to satu-
rate at negative Vg; indeed the [11¯0] Hall bar shows hints
of an increase in C with decreasing Vg below Vg ∼ −60
V, a feature that is more prominent on some of the other
samples we have measured. For a purely electron-like
dn/dE, one would expect to see a monotonic decrease
in C with decreasing Vg: the saturation or increasing C
that we observe at negative Vg is further evidence that
holes participate in electrical transport.
D. Effects of ultraviolet irradiation
The data of Fig. 5(c) show that there is a clear dif-
ference in the transport characteristics between the [11¯0]
and [1¯1¯2] crystal directions that occurs below a gate volt-
age of Vg ∼ 20 V. This is also seen in the Hall data, where
there is a sharp drop in RH in the [11¯0] direction that
occurs at the same voltage (Fig. 4), and that is observed
in multiple devices: the feature in RH is correlated with
a corresponding drop in C vs Vg for the [11¯0] direction
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FIG. 5. a) Schematic of the capacitance measurement appa-
ratus. b) Capacitance of control sample, fabricated on chip
with the hall bars, as a function of Vg, at 4.4 K. Averaged
measured capacitance of the two Hall bars. c) All measure-
ments were performed at 4.4 K.
in comparison to the [1¯1¯2] direction; Vg ∼ 20 V is also
roughly the voltage below which the resistances of the
two crystal orientations start to diverge strongly. Thus,
in all three measurements on the (111) interface samples
discussed above: R, RH and C, the electrical proper-
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FIG. 6. Comparison of R, RH and C as a function of Vg before and after UV irradiation. Red represents data or fits before
UV irradiation; black represents data or fits after UV irradiation. (a), (b) and (c) are for the [11¯0] direction; (d), (e) and (f)
are for the [1¯1¯2] direction. Parameters for the fits to Eq. 1 after UV irradiation are given in Table II. All measurements were
performed at 4.4 K.
8ties along the along the [11¯0] and [1¯1¯2] crystal directions
are qualitatively and quantitatively similar for Vg ≥ 20
V, but start differing significantly for Vg . 20 V. This
transition as a function of Vg is sharper in the data for
the capacitance and Hall coefficients, and more gradual
but larger in the data for the sheet resistance. At present,
the origin for the anisotropy is not clear, but we speculate
that it might be due to differences in the carrier bands
along the two crystal directions. Varying Vg changes the
chemical potential in the 2D gas at the interface. When
the chemical potential falls below a band edge, one might
expect dn/dE to decrease and R to increase sharply.
The fact that we observe a sharp drop in dn/dE and a
rapid increase in R for Vg . 20 V measured along the
[11¯0] direction, but not along the [1¯1¯2] direction leads us
to speculate that there are significantly fewer states that
contribute to electrical transport for Vg . 20 V along the
[11¯0] direction.
Band structure calculations and ARPES data from
other groups indicate that the bottom of the conduc-
tion bands in both directions should be at the same en-
ergy, so that one might expect to see similar gradual
changes in both directions until the common band edge
is reached. However, these calculations are applicable to
higher temperatures: the band structure calculations are
based on room temperature crystal structure, and the
lowest ARPES measurements were performed at 20 K.
Our measurements at higher temperatures show little or
no anisotropy, and hence are consistent with these band
structure calculations and ARPES measurements. How-
ever, we believe our data suggests that, at low temper-
ature, the band edge in the [11¯0] direction is at higher
energy than the band edge in the [1¯1¯2] direction, and
that conduction below the band edge is determined by
transport through defect states.
Further evidence of this point of view can be seen in
the change in the measured characteristics of the de-
vices (R, RH and C) after irradiation with ultraviolet
(UV) light. Historically, irradiation by UV has been con-
ducted in vacuum24. This irradiation has been shown
via transport9, ARPES24, and photoluminescence34 to
cause an increase in the oxygen vacancies in the sample,
which gives a corresponding increase in the carrier den-
sity as each oxygen vacancy donates two electrons to the
interface. The increase in electrons at the interface yields
a lower longitudinal resistance at the interface. In con-
trast, annealing at elevated temperatures in O2 has been
shown to decrease the oxygen vacancies thereby increas-
ing the resistance at the interface? . In the present case,
we have irradiated the samples (after making the mea-
surements discussed above) using a UV source placed 1
mm above the samples. This has the effect of increasing
the sample resistance at room temperature, the extent of
the increase depending on the exposure time. Since this
is similar in effect to what happens with O2 annealing,
we speculate that atmospheric oxygen is introduced into
the sample in the form of ozone, reducing the number of
oxygen vacancies. The effect is transient at room tem-
perature: the sample regains its original resistance over
a period of minutes to hours, depending on the initial
exposure time. However, the induced change persists if
the sample is immediately cooled down to liquid nitrogen
temperatures. For the current study, we irradiated the
sample for 15 minutes under these conditions, which in-
creased the room temperature sheet resistance from 22.15
kΩ to 33.66 kΩ. After exposure, the samples were cooled
down as soon as possible to liquid nitrogen temperatures
for measurement.
This treatment appears to disproportionately affect
transport in the [11¯0] direction for Vg . 20 V. Figure 6
shows a comparison of the data for the two crystal direc-
tions before and after 15 minutes of UV irradiation. (The
data for before UV irradiation are the same as that shown
in Figs. 3(a), 4 and 5(c). For R, the resistance in both
directions at negative Vg after UV irradiation increases.
In the [11¯0] direction, the pre- and post-UV sheet resis-
tances start to diverge significantly below Vg ∼ 20 V,
while the difference in the pre/post UV R for the [1¯1¯2]
direction grows steadily over the entire Vg range. More
notable differences can be seen in RH and C. While
RH for the [1¯1¯2] direction shows little change after UV
treatment, RH for the [11¯0] direction starts to decrease
in comparison with the pre-UV values for Vg . 20 V: at
Vg = −40 V, RH is close to 0. However, the changes in
C are the most striking. For the [1¯1¯2] direction, C be-
fore and after UV exposure is approximately the same,
except for a small range of Vg above 65 V. For the [11¯0]
direction, however, C drops off sharply as one goes from
positive to negative Vg, indicating a corresponding drop
in dn/dE at around Vg ∼ 20 V, the same voltage range
at which the differences between pre- and post-UV in
the measured RH and R become apparent. (Note that
here, comparison of the magnitudes of C are meaning-
ful, as the data are for the same Hall bar, and S has not
changed.) These data strongly suggest that the num-
ber of electrons available to participate in transport at
Vg . 20 V for the [11¯0] direction decreases substantially
after UV irradiation. This strengthens our speculation
that we reach the band edge at higher Vg for the [11¯0]
direction in comparison to the [1¯1¯2] direction; the differ-
ences in pre- and post-UV measurements suggest further
that the states that contribute to conduction below the
band edge are reduced by the UV treatment.
IV. SUMMARY
We have shown a clear and surprising anisotropy at the
(111) LAO/STO interface between Hall bars fabricated
along the orthogonal [11¯0] and [1¯1¯2] directions. Specifi-
cally, we have found that the this anisotropy can be tuned
via the application of Vg. As Vg is tuned to high posi-
9TABLE II. Post-UV irradiation Hall fit parameters
ne (Vg = 0) (/cm
2) nh (Vg = 0) (/cm
2) µe (cm
2/V-s) µh (cm
2/V-s) dne/dVg (/cm
2-V) dnh/dVg (/cm
2-V)
[1¯1¯2] 1.4 × 1013 1.0× 1010 121 3201 5.3 × 1010 −1.2 × 106
[11¯0] 5.8 × 1013 2.4× 1012 80 120 1.3 × 1011 −5.6× 1010
tive voltage, pushing carriers to the interface, both direc-
tions have similar longitudinal resistances, Hall charac-
teristics, and capacitances. However, when Vg is tuned
to large negative voltages, the longitudinal resistance,
Hall coefficients and capacitance differ significantly along
the two mutually orthogonal crystal directions. This
anisotropy can be made much stronger by irradiating
the sample with UV light, but interestingly, the volt-
age range over which the anisotropy becomes significant
(Vg ≤ 20V) stays the same. Our observations are re-
produced across multiple sample chips grown in different
growth runs, with different substrate preparations and on
different cooldowns, showing that the anisotropy is not
due to structural changes associated with growth condi-
tions, but is an intrinsic property of the (111) LAO/STO
interface. The fact that we do not observe anisotropy
at 77 K, below the STO structural transition temper-
ature of 105 K, also indicates that the anisotropy ob-
served at liquid helium temperatures and below is also
not solely associated with this structural transition, al-
though the lowering of the crystal symmetry associated
with the transition may play a role.
As we noted above, the data suggest that the
anisotropy arises from a difference in the conduction band
edge along the two crystalline directions. Other groups
have reported splitting of the bands at the band min-
ima due to spin-orbit interactions in (001)35 and (110)9
LAO/STO heterostructures. On the other hand, band
structure calculations24 and ARPES23 data on (111) het-
erostructures from other groups indicate that the bottom
of the conduction bands in both directions should be at
the same energy, so that one might expect to see simi-
lar gradual changes in both directions until the common
band edge is reached. However, these calculations and
measurements were for samples at room temperature or
20K: our data indicate that there might be a change in
the band structure at liquid helium temperatures that ac-
counts for our observations. Thus, it is quite likely that
a band splitting might develop at lower temperatures in
the(111) LAO/STO heterostructures as well.
In addition, we have observed evidence for hole like car-
rier contributions to the transport properties in Hall bars
along both crystal directions at the (111) interface. The
strongest evidence for this contribution comes from the
dependence of the Hall coefficient, RH , as a function of
Vg: RH increases over the measured voltage range of -40
to 80V, and this behavior cannot be explained solely by
a multiple electron model. This dependence can only be
explained if there is a contribution from at least one hole
band, which may arise from defect acceptor levels just
above the valence band edge that have been described in
earlier work.34
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Appendix A: X-ray characterization
To determine the crystal orientation of the Hall bars
shown in Fig. 1(b) of the manuscript, we utilized a
Photonic Science Laue X-ray camera. The sample was
mounted on a goniometer stage for precise alignment.
The images were fit using the commercial PSL software
provided with the camera, which allowed simultaneous
determination of both Hall bar orientations on the sub-
strate, which are as marked in Fig. 1(b) of the main
manuscript.
Appendix B: Capacitance measurement and analysis
The capacitance that we measure between the back
gate and a Hall bar sample includes the entire area of
the Hall bar, which in addition to the Hall bar itself, also
includes the voltage and current contacts on which we
make the wire bonds. In fact, the area of the contacts
is a substantial fraction of the total area of the device.
However, the wire bonds punch through to the interface
gas, decreasing the area of the capacitor, and since the
each wire bond is different, the effective area of each Hall
bar capacitor is different. Consequently, we cannot com-
pare the absolute values of the measured capacitance of
two different Hall bars. However, for the same Hall bar
before and after UV irradiation, a comparison is mean-
ingful, since we do not remove the wire-bonds during the
irradiation process.
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A capacitor with some leakage can be described as a
pure capacitance C in parallel with a low conductance
G. The admittance Y of this parallel arrangement is
then simply Y = G + jωC, where we have employed
engineering notation, so that the quadrature signal is a
direct measure of the capacitance.
a)
rs∆x
g∆xc∆x
…
…
I rs∆x
g∆xc∆x
FIG. 7. Model diagram of the measurement RS corresponds
to the sheet resistance of the 2DEG, CT corresponds to mea-
sured capacitance, and G the conductance of the STO sub-
strate.
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FIG. 8. Real and imaginary components of the admittance
as a function of the frequency f = ω/2pi of the [11¯0] Hall
bar at 4.4 K, measured as shown in Fig. 7(a) for Vg = X
V. The black curves are fits to Eq. SB1 with parameters
Rs = 25.4kΩ/, G = 1E − 15S and C = 63.5pF .
However, the conducting interface can also have ap-
preciable resistance, depending on Vg, and in order to
determine whether this resistance might account for the
anisotropy in the measured capacitance that we observe,
we have modeled the sample as a transmission line with
a capacitance per unit length c = C/L, a conductance
per unit length g = G/L, and an interface resistance per
unit length rs = Rs/L, as shown in Fig. 7 (here L is
the total length of the sample). The transmission line
analysis leads to the admittance
Y =
√
rs(g + jωc)
rs
tanh(
√
rs(g + jωc)L)
=
√
Rs(G+ jωC)
Rs
tanh
√
Rs(G+ jωC) (B1)
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FIG. 9. Solid symbols: Capacitance obtained by simultane-
ously fitting the real and imaginary components of the mea-
sured admittance to Eq. B2 at each value of Vg, for both
Hall bars at 4.4K. Solid lines are the measured quadrature
component divided by ω.
Figure 8 shows the frequency dependence of the real
and imaginary components of Y measured for the [11¯0]
Hall bar for Vg = 0V at 4.4 K. The fits are quite rea-
sonable; we believe that the small discrepancy between
the fits and data is due to the phase dependence of the
Kepco, since the lock-in amplifier is phased at one fixed
frequency before the frequency sweep. The values of Rs
and G are also reasonable: Rs agrees to within 10 % of
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the measured resistance of the sample at that value of Vg,
which we consider good agreement. The values obtained
for G are ∼ 10−15 S. In fact, the fits are insensitive to G
in this range, and we take G = 0 in our further analysis.
With G = 0, Eq. B1 gives the following expressions for
the real and imaginary components of Y (Y = Y ′+ jY ′′)
Y ′ =
√
2ωCRs
2Rs
sinh
√
2ωCRs − sin
√
2ωCRs
cosh
√
2ωCRs + cos
√
2ωCRs
,
Y ′′ =
√
2ωCRs
2Rs
sinh
√
2ωCRs + sin
√
2ωCRs
cosh
√
2ωCRs + cos
√
2ωCRs
. (B2)
We have used Eq. B2 to fit the real and imaginary
parts of the measured admittance as a function of gate
voltage. The solid symbols in Fig. 9 show the capac-
itance C obtained from simultaneously fitting the real
and imaginary parts of Y to Eq. B2. For comparison,
we show the measured imaginary component Y ′′/ω. The
curves for both samples are identical, showing that the
resistance of the interface Rs does not affect the mea-
sured capacitance, and that the imaginary component of
the admittance is simply Y ′′ = ωC. In fact, this is the
limit of Eq. B2 for ωRsC << 1. Consequently, we can
determine the capacitance directly from the quadrature
signal. It should be noted that the insensitivity of Y ′′
to Rs in our parameter range means that the anisotropy
that we observe in the measured capacitance is not due
to the anisotropy in the sheet resistance of the two Hall
bars.
∗ samueldavis2016@u.northwestern.edu
† v-chandrasekhar@northwestern.edu
1 A. Ohtomo, A. and H. Y. Hwang, Nature 427, 423–426
(2004).
2 S. Thiel, G. Hammerl, A. Schmehl, C.W. Schneider and J.
Mannhart, Science 313, 1942 (2006).
3 N. Reyren et al., Science 317, 1196 (2007).
4 A.D. Caviglia et al. Nature 456, 624 (2008).
5 Ariando et al., Nat. Commun. 2:188 doi:
10.1038/ncomms1192 (2011).
6 N. Pavlenko et al., Phys. Rev. B 85, 020407(R) (2012).
7 S Banerjee et al., Nat.Phys. 9, 626 (2013).
8 A. Joshua et al., PNAS 110, 9633 (2013).
9 K. Gopinadhan et al., Adv. Electron. Mater. 1, 1500114
(2015).
10 D.A Dikin et al., Phys.Rev.Lett. 107, 056802 (2011).
11 T. Schneider et al., Phys.Rev.B 79, 184502 (2009).
12 L. Li, C. Richter, J. Mannhart, and R.C. Ashoori,
Nat.Phys. 7, 762 (2011).
13 J.A. Bert et al., Nat.Phys. 7, 767 (2011).
14 M.M. Mehta et al., Nat.Commun. 3:955 doi:
10.1038/ncomms1959 (2012).
15 Z.Q. Liu et al., Phys.Rev.X 3, 021010 (2013).
16 R. Pentcheva, and W.E. Pickett, Phys.Rev.B 74, 035112
(2006).
17 W. Siemons et al., Nat. Comm. 3, 1129 (2012).
18 D. Rakhmilevitch et al., Phys.Rev.B 87, 125409 (2013).
19 A. Kalabukhov et al., Phys.Rev.B 75, 121404(R) (2007).
20 H. Chen et al., Adv.Mat. 22, 2881 (2010).
21 G. Herranz et al., Sci Rep. 2, 758 (2012).
22 A. Annadi et al., Nat. Commun. 4, 1838 (2013).
23 T.C. Rodel et al., Phys. Rev. Applied 1, 051002 (2014).
24 S. McKeown-Walker et al., Phys.Rev.Lett. 113, 177601
(2014).
25 D. Doennig, W. E. Pickett and Rossitza Pentcheva,
Phys.Rev.Lett. 111, 126804 (2013).
26 N.W. Ashcroft and N.D. Mermin, Solid State Physics, Har-
court [1976].
27 J.A. Haigh et al., Phys. Rev. B 91, 140409(R) (2015).
28 R. Loetzsch, A. Lu¨bcke, I. Uschmann, E. Forster, V.
Grosse, M. Thuerk, T. Koettig, F. Schmidl, and P. Sei-
del, Appl. Phys. Lett. 96, 071901 (2010).
29 T. Kopp and J. Mannhart, J. Appl. Phys. 106, 064504
(2009).
30 J.P. Eisenstein, Phys.Rev.B 50, 1760 (1994).
31 L Li et al., Science 332, 824 (2010).
32 P. Brinks et al., Appl. Phys. Lett. 98, 242904 (2011).
33 Y. Frenkel et al., ACS Appl. Mater. Interfaces 8, 12514
(2016).
34 D. Kan et al., Nat. Mat. 4, 816 (2005).
35 A.F. Santander-Syro et al., Nat. Mat. 13, 1085 (2014).
